In several tissues, nuclear differences have been described in normal-appearing cells from patients with invasive carcinomas compared to cases without invasive carcinoma, a phenomenon known as malignancy-associated changes (MACs). The aim of this study was to determine the presence of malignancy-associated changes in breast tissue.
Malignancy-associated changes in breast tissue detected by image cytometry
In several tissues, nuclear differences have been described in normal-appearing cells from patients with invasive carcinomas compared to cases without invasive carcinoma, a phenomenon known as malignancy-associated changes (MACs). The aim of this study was to determine the presence of malignancy-associated changes in breast tissue.
Image cytometry was performed on Feulgen stained tissue sections of patients with usual ductal hyperplasia with (n = 30) or without (n = 41) adjacent invasive breast carcinoma. Nuclear features of normal-appearing cells as well as of usual ductal hyperplastic cells were separately compared between the two groups.
Many features of normal-appearing epithelial cells were significantly different between cases with and without invasive cancer. Significant differences were also found by measuring ductal hyperplastic nuclei instead of normalappearing nuclei. Cases with or without cancer could be distinguished with a classification accuracy of 80% by discriminant analysis using 2 nuclear features derived from ductal hyperplastic cells.
In conclusion, image cytometry on breast tissue sections shows that malignancy-associated changes can be found in normal as well as in usual ductal hyperplastic breast cells. This could be clinically relevant for the detection of occult breast cancer, for the prediction of risk in these lesions, and to monitor the effect of chemopreventive agents.
Introduction
Image cytometry has been performed on many tissues and may be used for diagnostic purposes and prediction of prognosis of patients with (pre)malignant lesions [2, 3, 6, 8, 11, 13, 15] . Besides measuring nuclear features of (pre)malignant tumor cells, information can also be derived from nuclear measurements on normal-appearing cells. Several studies found subtle differences in nuclear features in normal-appearing cells in patients with invasive carcinomas compared to cases without invasive carcinoma, a phenomenon known as malignancy-associated changes (MACs) [2, 4, 10, 12, 14, 16, 17, 19, 20, 22, 23, 26, 27] . Over 85% of the sections of patients with or without lung cancer could correctly be classified as having cancer or not by image cytometric measurements on the normal-appearing lung cells [19] . Cases with prostatic adenocarcinoma could be separated from cases with benign prostatic hyperplasia with a sensitivity and specificity of over 90% using image cytometry on histologically normalappearing cells [20] . Also in cervical smears and tissue, normal-appearing cells of cases with invasive cancer have significantly different nuclear features compared to cases without invasive cancer [2, 4, 12, 14, 16, 17, 22, 26] . Furthermore, it was found that the intensity of MACs were directly related to the severity of the adjacent cervical lesion [12] . These results imply that image cytometry on normal-appearing cells could be used to detect the presence of invasive carcinoma (at distant) and that it may be used in screening and chemoprevention studies.
Malignancy-associated changes detected with image cytometry have also been described in breast tissue, although the statistical power to distinguish between cases with or without cancer was low [27] . Other indications that MACs exist in breast tissue were found in genetic studies, in which loss of heterozygosity and microsatellite instability was seen in morphologically normal lobules adjacent to breast cancers [7, 18] . However, not many studies have been performed on breast tissue to detect MACs. In the present study, we performed image cytometry on normal-appearing breast cells from cases with or without invasive cancer in order to detect nuclear features that could predict the presence of invasive cancer. Furthermore, we compared usual ductal hyperplastic lesions, some of which are considered to be early precursors of breast cancer, of cases with and without cancer to detect possible image cytometric differences in these cells.
Material and methods

Material
Seventy-one usual ductal hyperplasias of the breast (25 mild, 26 moderate, 20 florid) were collected from the archives of the Department of Pathology of the Free University Hospital in Amsterdam, the Netherlands. Of these cases, 30 (42%) had adjacent invasive breast cancer. The distribution of mild, moderate, and florid ductal hyperplasias was comparable for cases with and without invasive cancer. Usual ductal hyperplasia was defined as a proliferative lesion with cells that had relatively few cytoplasm with often overlapping (small) nuclei which were irregular in size and shape. Lumina, if present, were irregular in size, shape and distribution, and streaming of nuclei around the lumina often occured [24] .
Feulgen staining
Four µm sections were cut from paraffin-embedded tissue, deparaffinized, rehydrated, postfixed in BoehmSprenger fixative and stained with a modified Feulgen procedure as desribed before [5] . In short, slides were incubated for 60 minutes in 5 N HCl, followed by a thionin-SO 2 staining for 60 minutes, and finally rinsed in 0.5% sodium metabisulfite (aqueous solution, pH = 1.9). Slides were dehydrated and mounted with cytoseal 60 mounting medium (VWR Scientific).
Image cytometry
Image cytometry was performed at the Cancer Imaging Department of the British Columbia Cancer Agency in Vancouver, Canada. Measurements were performed using the Cyto-Savant (Oncometrics Imaging Corp., Vancouver Canada) device, an automated digital imaging system which has been described previously [25] . The device was used to acquire autofocussed digital images of manually segmented cell nuclei on histologic sections, with spatial resolution resolution of 0.34 µm, and photometric resolution of 255 grey levels (S/N ratio ∼ 150 : 1).
From each tissue section, nuclear images were acquired for 25-75 lymphocytes (internal diploid control), 50-300 nuclei from usual ductal hyperplastic lesion, and 50-200 cells from normal-appearing ducts and acini. The number of selected nuclei depended on how many cells of interest were present on the analyzed slide. Only non-overlapping nuclei that appeared to be in focus were selected. Segmentation of the selected nuclei was automatic. Manual correction of the nuclear contour was applied in the instances of touching, but not overlapping nuclei (which were discarded). Normal lymphocytes were used as internal control cells to normalize the features for the variations in staining intensity.
128 nuclear features were calculated for each nucleus. Morphometric feature measurements were according to calculations which have been published in detail elsewhere [9] . In brief, features can be divided into several categories. (1) Morphometrical features, describing the size and shape of nuclei, including nuclear area, shape factors, and features which characterize irregularities in the contours of the nucleus. (2) Photometric features, including the integrated optical density of the nucleus (proportional to the DNA content, normalized to 1.0 for diploid cells using lymphocytes as internal diploid controls), as well as statistics which describe the distribution of optical density (OD) within the nucleus (mean, skewness, kurtosis). (3) Discrete texture features, which rely on the distinction of three classes of chromatin condensation states, i.e., high, medium, and low density chromatin. Discrete texture features describe the relative amounts of DNA in each condensation state, as well as the number, size, and spatial distribution of discrete particles of chromatin in each of these states. (4) Markovian texture features, which are statistics describing the distribution of light intensity between adjacent pixels (e.g., contrast, correlation, energy), (5) fractal texture features, which describe the overall complexity and contrast of chromatin patterns, and (6) run length texture features, which describe the number and photometric distribution of grey level runs (consecutive pixels in the image with the same grey level value) (e.g., short runs, long runs).
Statistics
Population statistics were calculated for each nuclear feature over nuclei from individual slides, so that each patient record corresponded to a measurement of the mean and standard deviation of the 128 features. The distribution of these slide statistics between cases with and without invasive breast cancer were compared by non-parametric Mann-Whitney statistics. For this purpose, we used separately morphologically normal epithelial cells as well as hyperplastic cells. Secondly, as it is possible that variations in normal cells may be attributed to sectioning and tissue processing artifacts, and that these artifacts may obscure significant differences in hyperplastic cells, a method for normalization of the measurements on hyperplastic cells was ex- Thirdly, discriminant function analysis was performed to distinguish between the groups of cases with and without synchronous invasive cancer. Since the size of the sample (n = 71) was relatively small, the use of multivariate classifiers was restricted to the use of pairs of uncorrelated feature measurements.
Results
Many nuclear features of normal-appearing cells and separately of usual ductal hyperplastic cells were significantly different between cases with and without synchronous invasive cancer. Figure 1 shows an example of an usual ductal hyperplasia with and without adjacent invasive carcinoma. In the normal-appearing cells as well as in the hyperplastic cells, differences in chromatin pattern are seen between the two cases. The most significant different features are summarized in Tables 1 to 3 . The t-statistic is listed in each of the tables in order to show the direction and magnitude of the effect. A positive t-value indicates that the corresponding value of the nuclear feature is decreased in the cells of cases with synchronous invasive cancer. Table 1 lists the results of tests performed on measurements of cell images derived from normalappearing ducts. Marginally significant differences in feature measurements between cases with and without adjacent invasive cancer are apparent, suggesting that MACs may be present in these nuclei. The positive values of the t-statistic indicate that the values of all significant nuclear features are decreased in lesions with invasive cancer. Considering the slide standard deviations, this is potentially important since it may indicate that MACs correspond to an effect that generates a more uniform population of cells. A morphological translation of the values listed for feature means, in terms of the cytological features of cells from normal ducts, suggests a redistribution of chromatin from low density regions to medium and high density chromatin in association with carcinoma. Additionally, the radial dispersion of medium and high density chromatin is seen to be decreased in normal cells from lesions with concurrent carcinoma. That is, there is an overall redistribution of these chromatin regions away from the periphery of the cell nucleus. A redistribution of chromatin is also seen with low density chromatin, which is observed to be distributed with greater symmetry in cells associated with carcinoma. Table 2 lists the results of measurements on cells from usual ductal hyperplastic ducts, comparing cases with and without synchronous cancer. The t-statistics show a more heterogeneous pattern, indicating a significant increase in the overall contrast of chromatin patterns in hyperplastic cells from cases with cancer. In addition, lesions with synchronous cancer show an increase in the number of discrete particles of medium density chromatin, and an increase in the heterogeneity of cell populations with respect to this parameter. However, there is no significant redistribution of chromatin within high, medium, and low density regions in the hyperplastic cells in cases with invasion compared to those without. The number of short runs in these cell images is increased in association with carcinoma, indicating an increase in the complexity of chromatin patterns. High density chromatin is also seen to be more peripherally distributed in association with carcinoma.
The results for the z-score approach on the ductal hyperplastic cells are shown in Table 3 . More features (in total 28) were now significant at the p = 0.04 level of which the most significant ones are listed in Table 3 , suggesting that this approach is indeed use- ful for coping with artefacts. Interpretation of the cytologic features are consistent with the analysis of results from Table 2 , where the significant features from z-scores show the same direction of change in association with carcinoma. Most significantly the z-scores reveal a highly significant increase in the amount of high density chromatin in association with carcinoma, with a corresponding increase in the mean optical density of the nuclei. This also corresponds to a decrease in the mean optical intensity of nuclei, and to a reduced kurtosis of optical density in lesions associated with carcinoma. Again, medium density chromatin particles are seen to be more peripherally distributed over the nucleus. The number of short runs is increased in association with carcinoma, showing a more complex and highly textured chromatin pattern. Discriminant function analysis to select pairs of slide nuclear features of normal or hyperplastic cells which best separated the groups with and without invasion worked best in the ductal hyperplastic cells (Fig. 2) . Best separation was found by using the parameters mean contrast and SD of fractal 1 area. In the figure it is apparent that the slide mean of the contrast parameter is distinctly increased in a substantial number of hyperplasias associated with carcinoma, and that there is a group of hyperplastic lesions with markedly increased variance for the fractal area parameter. Using these 2 parameters for hyperplastic nuclei, 80% classification accuracy could be reached to distinguish lesions with and without invasive cancer. However, many lesions fell quite close to the classification line with a low posteriori probability and extreme outliers were also found (such as the case with the lowest contrast and very low fractal area 1 value which had adjacent invasive cancer in Fig. 2) . Similar analyses were performed for normal cells with an overall classification For each feature, slide means and SD were calculated. Significance values greater than p = 0.04 are not listed. Table 3 Significance values (Mann-Whitney test) for significant differences in feature measurements on hyperplastic cells from ductal hyperplasia cases with and without concurrent invasive carcinoma using the z-score approach Feature (z-score) accuracy of 67%, and using the z-score for hyperplastic cells with an accuracy of 68%.
Discussion
The presence of malignancy-associated changes (MACs) has been described in several tissues [2, 4, 10, 12, 14, 16, 17, 19, 20, 22, 23, 26, 27] . However, the biological nature of MACs is not yet fully understood. It is not clear whether MACs develop in response to factors produced by the malignant tumor, such as chemokines and growth factors, or that it is an intrinsic first indication of the malignant potential of the tissue. The development of cancer is a multistep process, and it is possible that the development of MACs are the re-sults of early changes in this process. The existence of MACs in a benign biopsy could therefore be suggestive of a higher risk of developing malignancy. However, it is difficult to determine the underlying cell biological changes which causes changes in chromatin patterns of normal-appearing cells. In any case, if MACs proceed the onset of cancer, it is possible that they may be modulated, and could be used as intermediate end point markers to monitor the effect of chemopreventive compounds, and perhaps for risk assessment of patients with premalignant lesions.
In the present study, we found significant differences between several nuclear features from normal ducts between patients with or without synchronous invasive breast cancer. This implies that also in breast tissue a MAC effect exists, which was also indicated by the results of Susnik et al. [27] . This supports the results of genetic studies which found loss of heterozygosity and microsatellite instability in morphologically normal lobules adjacent to breast cancers, suggesting that genetic alterations may already occur before light microscopic morphological abnormalities can be seen [7, 18] . Also by measuring ductal hyperplastic cells, significant nuclear differences could be found between cases with and without synchronous cancer, especially when corrected for sectioning and tissue processing artifacts. Other studies also describe differences in preinvasive breast lesions adjacent to invasive carcinoma compared to lesions without adjacent invasion [1, 28, 29] . Quantitative nuclear features of ductal carcinoma in situ (DCIS) lesions could be used to predict the presence or absence of adjacent invasive breast carcinoma [28] . Overexpression of several proto-oncogenes, like p53 and HER-2/neu, was more frequently found in DCIS adjacent to invasive carcinoma than in pure lesions [1, 29] . However, DCIS is considered to be a more advanced preinvasive breast lesion than usual ductal hyperplasia, and the described differences in proto-oncogene expression between cases with or without cancer were not found in usual ductal hyperplasia [21] . It would be ideal if a quite easy technique like image cytometry on normal or non-malignant cells could be used to predict the presence of invasive breast carcinoma (at distance) in an individual case. However, the use of discriminant analysis in the present study was restricted because of the relatively small group, and therefore analysis was based on only 2 features. To really test the reliability of our results, i.e., the presence of MACs in breast tissue determined with image cytometry, an independent training and test set of cases should be used [30] .
In our study, the group was too small to divide into training and test set. We designed a classification rule using only 2 features because of the small sample size, but we were not able to estimate the performance of this rule on an independent data set. This means that our result of 80% classification accuracy may be over-optimistic, as illustrated by Schulerud et al. [30] . Therefore, we were very restrained in drawing conclusions from this multivariate analysis.
Another possible way to improve our data is to perform image cytometry on whole cell suspensions. The drawback of measuring nuclear features on tissue sections is the cutting of the nuclei and the slight variation in section thickness which may influence the measurements to some extent. While a number of methods for correcting for this artifact have been discussed in literature, none of these have been found to be satisfactory. It is recognized that it is always preferable, yet not always possible, to obtain intact, dispersed cells for cytometric measurements.
Besides the above mentioned problems with image cytometry on tissue sections, there are also statistical significance problems in analyzing image cytometry results in general. We evaluated 256 features (128 mean and 128 standard deviation features) which is many for the sample size of 71 cases in total. Due to chance, about 10 features would be significantly different between the two groups at the 4% level. This was also on average the number of significant differences we found in our study. A way to correct for multiple comparisons is to use the Bonferroni procedure, i.e., dividing the significance level by the number of features resulting in an adjusted significance level. However, in our and probably also other image cytometric studies, many features are correlated and thus simply adjusting the significance level would not be correct. A few of the differences we found were highly significant, especially for the measurements on the hyperplastic cells, implying that these were at least real differences. After correction for possible artefacts by using z-scores, even more features were highly significantly different between the two groups, supporting our believe in the presence of MACs in breast tissue. It can however not be ruled out that part of this improvement is due to the added degree of freedom which the combination of several measurements introduces.
Despite the above mentioned statistical problems, we believe that there is enough evidence that MACs exists in breast tissue. When our results can be confirmed by independent studies, than image cytometry on normal or early preinvasive breast lesions could be clinically meaningful in several ways. First, presence of MACs in normal breast cells may provide evidence for a cancer somewhere in the breast. Second, MACs may be used to monitor the effect of chemopreventive agents, especially in patients with a hereditary predisposition. Third, MACs may prove to be useful for risk asssessment of patients with preinvasive breast lesions. These potential applications of MAC assessment by image cytometry of the breast deserve to be further studied.
In conclusion, image cytometry on breast tissue sections shows that malignancy-associated changes can be found in normal as well as in usual ductal hyperplastic breast cells. This could be clinically relevant for prediction of presence of synchronous breast cancer, patients with occult breast cancer, and to monitor the effect of chemopreventive agents.
